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WANG, K. K. W., ROUFOGALIS, B. D., et VILLALOBO, A. 1989 . Characterization of the fragmented forms of calcineurin produced by calpain 1. Biochem. Cell BioI. 67: 703-711. La calcineurine, une phosphatase de cerveau de boeuf stimulee par la calmoduline, est hydrolysee par '" .~I"p;'ne I des erythrocytes humains. En absence de calmoduline, la calpalne trans forme rapidement la sous-unite CA.-;J ,;..ue de
Introduction
The calmodulin-dependent phosphatase, calcineurin (EC 3.[.3.16 ) (for reviews see Tallant and Cheung 1985; Pallen and Wang 1985) , has been found in a variety of tissues, including human platelets (Tallant and Wallace 1985) , bovine brain (Klee and Krinks 1978; Wallace et al. 1979; Stewart et al. 1982) , and rabbit heart, liver, and adipose tissue (Ingebritsen and Cohen 1983) . The bovine brain enzyme is an heterodimer (Wallace et al. 1979; Stewart et al. 1982) composed of a large (60 kDa) subunit that contains the catalytic site and binds calmodulin (Tallant and Wallace 1985; Winkler et al. 1984; Richman and Klee 1978) , and a small ( 19 kDa) calmodulin-like Ca 2 + -binding subunit that appears on SDS electrophoresis gels as a 16-to 17 -kDa protein (Pallen and Wang 1985) . Calcineurin dephosphorylates a variety of phosphorylated protein substrates (Stewart et al. 1982; Yang et al. 1982; Krinks et al. 1983) , as well as low molecular mass phospho compounds (Pallen and Wang 1983; Anthony et al. 1986) . Its phosphatase activity is Ca2+ dependent and calmodulin stimulated, and can be further stimulated by Mn2+ or Ni2+ (Pallen and Wang 1983; King and Huang 1983) .
Limited proteolysis by extracellular proteases can artificially activate a number of calmodulin-stimulated enzymes in vitro, including cyclic nucleotide phosphodiesterase ABBREVIATIONS: kDa, kilodalton(s); SDS, sodium dodecyl sulfate; PMSF, phenylmethylsulfonyl fluoride; TLCK N-a-tosyl-L-Iysine chloromethyl ketone; P-Tyr , o-phosphotyrosine; pNPP , p-nitrophenyl phosphate; +MUP, 4-methylumbelliferyl phosphate; CaM, calmodulin; d-CaM, dansylated calmodulin; 4-MU, 4-methylumbelliferone; FPLC, fast protein liquid chromatography; TCA, trichloroacetic acid.
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2 Author to whom all correspondence should be sent at the (Cheung 1971 ) , phosphorylase kinase (Depaoli-Roach et al. 1979) , myosin light-chain kinase (Walsh et al. 1982) , plasma membrane Ca2+ATPase (Niggli et al. 1981) , and calcineurin Tallant and Cheung 1984; Kincaid et al. 1986) . Recently, increasing attention has been devoted to .he Ca2+-dependent neutral protease (calpain), isolated from the cytosolic fraction of a variety of mammalian tissues or cells (see Pontremoli and Melloni 1986; Mellgren 1987; Suzuki et al. 1987) . Therefore, we have postulated that calpain may modulate many calmodulinstimulated enzymes in physiological conditions (Wang et al. 1989) .
In parallel to our earlier studies on the calpain-mediated activation of the erythrocyte Ca2+-ATPase (Wang et al. 1988a (Wang et al. , 1988b , we report here that calcineurin is also hydrolyzed by calpain. A similar finding was also reported very recently by Tallant et al. ( 1988) . However, the putative activated and calmodulin-independent form of the phosphatase was not purified and, therefore, its kinetic properties were not reported (Tallant et al. 1988) . In this study we describe the production of several fragmented forms of the 60-kDa subunits of calcineurin by calpain I in the presence and absence of calmodulin and the isolation of 49-and 43-kDa active fragments of the large subunit. Since these two active fragments might be of physiological relevance, our efforts were concentrated on the characterization of tl, ;:se t" ) purified fragmented forms of the phosphatase. The properties of a 55-kDa fragment were also explored.
Materials and methods

Materia/s
Leupeptin, trypsin inhibitor (soybean, type IV), PMSF, TLCK, P-Tyr , pNPP, histone (calf thymus, type IIa), 4-MUP, trypsin (bovine pancreas, type III), catalytic subunit of cAMP-dependent protein kinase (rabbit muscle, peak 1), (&I-hexylamine-agarose, phosphodiesterase 3' :5' -cyclic nucleotide activator -agarose (CaM-agarose), and d-CaM were products of Sigma Chemical Co. Calmodulin (bovine brain) was from Calbiochem, and DEAESephacel, Sephacryl S-200, and Sephadex G-25 (medium) were from Pharmacia. Ultrafiltration membranes (PM-10) were from Amicon. Molecular weight markers for SDS-polyacrylamide gel electrophoresis were obtained from Bio-Rad, and 4-MU was purchased from Aldrich Chemical Co.
Purification of ca/cineurin
Bovine brains were obtained from a local slaughterhouse and they were used immediately or quick frozen in small pieces in liquid nitrogen and stored at -70°C. Brain tissue (150 g) was homogenized with a Waring blender at top speed for I min in 500 mL of buffer B-200 (20 mM Tris-HCI, I mM dithiothreitol, I mM EDTA, and 200 mM NaCI at pH 7.4), containing, in addition, I mM PMSF, 40 p.g TLCK .mL -I, 40 p.g soybean trypsin inhibitor .mL -I, and I p.g leupeptin. mL -I. The homogenate was spun down at 120000 x gmax and the supernatant was loaded onto a DEAE-Sephacel column (20 x 2.5 cm) preequilibrated with buffer B-200. The flow through fractions were collected, and 5 p.g leupeptin .mL -I, 2 mM CaCI2, and 2 mM MgCI2 were added. The effluent was then loaded onto a CaM-agarose column (15 x 1.5 cm) equilibrated with buffer C (300 mM CaCI, 20 mM Tris-HCI, I mM dithiothreitol, and 1 mM CaCI2 at pH 7.4). After loading, the column was washed with 200 mL of buffer C and eluted with buffer B (20 mM Tris-HCI, I mM dithiothreitol, and I mM EDT A at pH 7.4). The effluent was loaded onto an (&I-hexylamine-agarose column (10 x 1.5 cm) equilibrated with buffer B. The (&I-hexylamine-agarose column was washed with buffer B before elution with a gradient of NaCI (0-350 mM) in buffer B. The activity peak of calcineurin was pooled and concentrated with a PM-10 membrane in an ultrafiltration unit (Amicon). The concentrated sample (2 ml) was loaded onto a Sephacryl S-200 column (60 x 1.5 cm) coupled to a FPlC system (Pharmacia). equilibrated. and separated with buffer F (50 mM Tris-HCI. I mM dithiothreitol. and I mM EDT A at pH 7.4). Twomillilitre fractions were collected and the activity peak of calcineurin was pooled. These purified calcineurin preparations contain both the large (60 kDa) and small (17 kDa) subunits. which contribute to more than 90% of the total protein. as demonstrated by scanning SDS-polyacrylamide electrophoresis gels stained with Commassie blue.
Preparation of 31p-labelled phosphohistone Phosphorylation of histone (8 mg .ml -I) was carried out at 37°C-for 30 min in 0.5 ml of a reaction mixture containing 50 mM Tris-HCI. 10 mM MgCI2. 1.6 Ilg protein. ml -I of the catalytic subunit of cAMP-dependent pr)tein kinase. and 20 IlM 1"Y-32p)A TP (5 IlCi; I Ci = 37 arlq).
After incubation. the sample was loaded onto a Sephadex 0-25 column (27.5 x 1.5 cm) equilibrated with 20 mM Tris-HCI (pH 7.4). The column was then eluted with the same buffer and 1.9-ml fractions were coll~cted. The 32p-Iabelled phosphoprotein peak. which eluted well ahead of the residual 1"Y-32p]A TP and (or) inorganic 132p]phosphate peak. was pooled and stored in aliquots at -70°C until used. These preparations of 32p-Iabelled histone contained 0.3 to 0.7 IlCi .mg protein-1
Purification of calpain
Calpain was prepared from human erythrocytes as described by Wang et al. (1988a) with the following modifications: the hemolysis buffer contained 5 mM EaT A instead of I mM. the pH of the hemolysate was adjusted to 6.5 instead of 6.3. and the elution gradient of the DEAE-Sephacel column was from 0 to 350 mM NaCI instead of from 0 to 500 mM. An additional step using gel filtration (Sephacryl S-200) was included. These preparations of calpain were over 9O-95OJo pure by electrophoretic criteria and did not contain Ca 2 + -iridependent proteolytic activity. The specific activity of calpain ranges from 10 to 60 U .mg protein -1.
Phosphatase assays pNPP-phosphatase activity was assayed at 25°C for I h in I ml of a reaction mixture containing 50 mM Tris-HCI (pH 7.4). I mM MnCI2. I mM CaCI2. 100 IlM EDT A. 4 mM pNPP (unless stated otherwise). and 120 nM calmodulin (when added). The formation of p-nitrophenol was monitored by its absorbance at 405 nm. according to Pallen and Wang (1983) .
Phosphotyrosine phosphatase activity was assayed at 25°C for I h in 0.4 ml of a reaction mixture containing 5 mM P-Tyr (unless stated otherwise). 50 mM Tris-HCI (pH 7.4). I mM MnCI2. I mM CaCI2. 100 IlM EDT A. and 120 nM calmodulin (when added). The reaction was started by the addition of calcineurin and terminated by the addition of 0.2 ml of 10OJo (w iv) SDS. The inorganic phosphate liberated was determined colorimetrically (Raess and Vincenzi 1980) . 4-MUP-phosphatase activity was determined according to Anthonyet al. (1986) . Calcineurin samples were assayed at 25°C for 30 min in I ml containing 10 mM 4-MUP (unless stated otherwise). I mM MnCI2. I mM CaCI2. 0.1 mM EDTA. 50 mM Tris-HCI (pH 7.4). and 120 nM calmodulin (when added). The formation of 4-MU was monitored by measuring its fluorescence at 445 nm (with excitation wavelength at 365 nm). Assays ~.ere corrected for nonenzymatic hydrolysis of 4-MUP .
Phosphatase activity towards 32p-Iabelled histone was assayed at 25°C for 30 min in 200 III of a medium containing 0.7 mg 32p-Iabelled histone. ml -I (70 nCi) (unless stated otherwise).
I mM MnCI2. I mM CaCI2. 0.1 mM EDTA. 50 mM Tris-HCI (pH 7.4). and 120 nM calmodulin (when added). either in the lterials and methods. At the indicated times, aliquots (0.6 jJ.g prc .fore processing for SDS-polyacrylamide gel electrophoresis. In C at 25°C for either 0 or 60 min in the absence or presence of calmod1 soybean trypsin inhibitor. mL -I before processing for SDS-polya( indicated on the sides of the lanes. ' , 04" indicates the band of cal presented here are representative of three separate experiments. mixture was spotted onto a sheet of gridded phosphocellulose paper. The paper was then washed three times with 5OJo (w/v) TCA in a glass tray with shaking before drying it in an oven for 15 min. The paper was then cut into numbered squares and placed into scintillation vials containing 15 mL of AquasolR before being counted for radioactivity.
Treatment of calcineurin with proteases
Calcineurin (30-50 jJ.g protein. mL -1 was incubated with 0.1 U calpain .mL -I (unless stated otherwise) or I p.g trypsin. mL -I at 25°C in a medium containing 50 mM Tris-HCI (pH 7.4), 0.5 mM EDT A, I mM CaCI2, 10 mM dithiothreitol, and 5 p.M calmodulin (when added). At the desired time, aliquots were taken and added to one of the aforementioned phosphatase assay media containing 10 jJ.g leupeptin .mL -1 in the case of calpain treatment or 10 p.g soybean trypsin inhibitor. mL -I in the case of trypsin treatment.
Isolation of fragments of calcineurin
Calcineurin (30-100 jJ.g .mL -1) was treated with calpain (0.1 U .mL -1) in a medium of 200 p.M free calcium, 10 mM dithiothreitol, and 50 mM Tris-HCI (pH 7.4), in the absence or the presence of 1-5 jJ.M calmodulin or d-CaM, for various times at 25°C. Proteolysis was arrested with 200 p.M leupeptin and the -'action mixture (1.5 mL) was brought to 37°C for 10 min to .hibii the calpain activity. At this point, 5 mM EDT A was added, and the mixture was cooled to 4°C and loaded onto a Sephacryl S-200 column (60 x 1.5 cm) and eluted with 50 mM Tris-HCI -I mM dithiothreitol -I mM EDT A (pH 7.4). However, if the particular experiment was to study the calmodulin-binding ability of a fragment of calcineurin, the addition of EDT A at the end of the incubation was omitted and 1-5 JLM dansylated calmodulin (if not already present) was added. Also, the Sephacryl S-200 column running buffer contained I mM CaCI2 instead of I mM EDT A. In both conditions, the purified active fragments were located as pNPP-phosphatase activity peaks. The identity and purity of the purified fragments were confirmed by SDSpolyacrylamide gel electrophoresis with Coomassie blue staining.
Other methods Calpain samples were assayed using casein as substrate, as we have described previously (Wang et al. 1988a) . One unit of calpain activity produces an increase of one absorbance-unit at 278 nm under the standard assay conditions. SDS-polyacrylamide (5-20OJo w/v) linear gradient slab gel electrophoresis was run at pH 8.3 following the method of Laemmli (1970) . Protein concentrations were determined by a modified method of Lowry et al. (1951) . Free Ca2+ concentrations were determined with a computer program described by Goldstein (1979) and modified as previously described (Villalobo et al. 1986 ). thereafter into a 43-kDa fragment. This 43-kDa fragment was a limit peptide, being resistant to further proteolysis, and was the only observable fragment originating from the 6O-kDa subunit after 90 min. Several minor fragments were also observed between 43 and 50 kDa at 1 and 5 min, and they probably represent transient precursors of the prominent 43-kDa fragment. The small subunit (17 kDa) of calcineurin, however, did not appear to be proteolyzed by calpain. Therefore the major fragmented form of calcineurin \\'ill be referred to as the 43-+ 17-kDa form.
Results
Fragmentation
In the presence of calmodulin, the 60-kDa subunit was first transformed into a 55-kDa fragment and then to a 49-kDa fragment. The formation of the 55-kDa fragment was also very rapid (see I-min time point in Fig. 1B) . However, the rate of formation of the 49-kDa fragment was much slower. In fact, after 90 min there was still a substantial amount of the unconverted 55-kDa fragment present. In other experiments, it took up to 3 h to achieve total transformation of the 55-kDa fragment into the 49-kDa fragment (result not shown). The 1 i -kDa subunit of calcineurin also apeared intact under these conditions (Fig. 1B) . These fragmented forms of calcineurin will be referred to as the 55-+ 17-kDa and 49-+ 17-kDa forms. Calmodulin itself appeared to be resistant to digestion by calpain (Fig. 1B) .
These fragmentation patterns are in general agreement with the recent finding of Tallant et al. (1988) . However , since these authors were using equimolar concentrations of calcineurin and calpain, autolytic fragments of both the 29-and 80-kDa subunits of calpain will appear as prominantly as the fragments of calcineurin on SDS electrophoresis gel with normal protein stains (e.g., Coomassie blue, silver staining). Therefore, calcineurin and its fragments were visualized indirectly by immunoblotting of antiserum against the phosphatase. This technique could miss fragments that do not react with the antiserum. On the other hand, under our conditions, the molar ratio of protease to calcineurin was about I :36. Therefore, we had no difficulty in visualizing calcineurin and its fragments directly on SDS electrophoresis gel with Coomassie blue staining (Fig. 1) . Owing to the low concentration of the pro-tease required for proteolysis of calcineurin, it was pOSsible to produce the 43-+ 17-kDa and the 49-+ 17-kDa fragmented forms readily without significant contamination by calpain fragments.
By comparison, we also examined the pattern of proteolysis ofcalcineurin upon trypsinization (Fig. lC) . We found that the 60-kDa subunit of calcineurin was transformed by trypsin mainly into a 43-kDa fragment and a 55-kDa fragment in the absence and the presence of calmodulin, respectively. At the ~ame time, the small subunit (17 kDa) was also partly de'l..aded to a 15-kDa fragment (in the absence of calmodulln). Similar tryptic fragmentations of calcineurin have been reported previously Tallant and C; leung 1984) . The striking similarity in fragmentation patterns of the 60-kDa subunit produced by calpain and by trypsin, both in the absence and in the presence of calmodulin (Fig. 1) , implies that both proteases recognize similar domains and (or) sites of cleavage on the large subunit of calcineurin.
Activation of pNPP-phosphatase activity of calcineurin by calpain treatment To examine the effect of calpain on the phosphatase activity of calcineurin we followed the time course of calpain proteolysis on the phosphatase activity towards the substrate pNPP (Fig. 2) . In th~.absence of calmodulin, calpain progressively activated both the basal activity (assayed in the presence of Ca2+ and Mn2+) and the calmodulinstimulated activity (assayed in the presence of Ca 2 + , Mn2+ , and calmodulin). At 60 min, the basal activity was activated approximately 1100%, whereas the calmodulinstimulated activity was activated about 38011fo. However , the "fold" stimulation of the phosphatase activity by calmodulin declined progressively from its original value of 3.0 (at zero time) to virtually none (after 60 min). When assayed in the presence of calmodulin, calpain activated the phosphatase activity as well, the maximum activation being about 34011fo at 45 min and remaining at approximately the same level up to 120 min.
It is worth mentioning that trypsin treatment in the absence and the presence of calmodulin also produced a 200 to 300l1fo higher calmodulin-stimulated pNPP-phosphatase activity, which corresponded to the formation of the 43-and 55-kDa fragments, respectively (results not shown).
Effect of calpain-mediated proteolysis of calcineurin on its subunit interactions and its ability to bind calmodulin Using d-CaM and gel fIltration chromatography (Sephacryl S-200 column), the ability of the large subunit of calcineurin and its major proteolytic products to associate with its small subunit and to calmodulin were investigated. In these experiments intact calcineurin normally has an elution volume of 57 mL (data not shown). However, when calcineurin was mixed with d-CaM in the presence of Ca2+ (approximately 3 mol d-CaM .mol calcineurin -I) the phosphatase peak eluted earlier (elution volume of 54 mL), suggesting a larger size after its association with d-CaM (Fig. 3A) . When the BIOCHEM.
CELL BIOL. VOL. 67, 1989 Metal ion dependence and calmodulin stimulation of pNPP-phosphatase activity of intact calcineurin and its fragments pNPP-phosphatase activity (nmol.mg protein-J.min-l) NOTE: Calcineurin (30 I'g.mL -I) Was incubated with calpain (0.1 U.r IL -I) (where indicated) either in the absence ( -CaM) or presence of 5 I'M calmodulin ( + CaM) for 6(' and 120 min. respectively, as described in Materials and methods. The native and treated calcineul.n samples were purified on a Sephacryl S-200 column (60 x 1.5 cm), which was eluted with 50 mM Tris-HCI -J mM EDT A -I mM dithiothreitol (pH 7.4) as described in Materials and methods. In each case the phosphatase activity peaks .
were collected. These different forms of calcineurin were assayed for p/"PP-phosphatase activity in the presence of I mM free Ca2+ , Mn2+ , and (or) 15atterns of the large subunit (60 kDa) were obtained (Fig. I) , suggesting that calmodulin induced a conformational change in the 60-kDa subunit of calcineurin responsible for the differential pattern of proteolysis. The small subunit of calcineurin (17 kDa) was not proteolyzed by calpain. Our results further extend the previous work (Tallant et al. 1988) , since the two active and fragmented forms of calcineurin (-43 + 17 kDa and 49 + 17 kDa) were isolated and characterized under nondenaturing conditions. We found that both the 43-and 49-kDa fragments of the large subunit were (i) still able to associate with the small bunit and (ii) did not bind calmodulin, but (iii) had ;atly increased pNPP-phosphatase activity ( Fig. 3 and l'able I). Furthermore, both fragmented forms of calcineurin (43 + 17 kDa and 49 + 17 kDa) were highly stimulated by Mn2+ and Ni2+ , a property that has been shown to be associated with the large subunit of the native enzyme (Merat and Cheung 1987) . However, the 55-kDa fragment of the large subunit, the initial fragment formed in the presence of calmodulin, in addition to being capable of associating with the small (17 kDa) subunit, also retained the calmodulin-binding capacity. Taken together, these data provide insight on the structural organization of calcineurin (Fig. 4) . We proposed that a core segment ofabout 43 kDa of the large subunit of calcineurin contains the phosphatase domain, the small subunit binding domain, and a metal ion (Mn2+ and (or) Ni2+) binding domain, but lacks the calmodulin-binding domain (Fig. 4) . Since the 55-kDa fragment binds calmodulin, a 12-kDa segment additional to the 43-kDa fragment must contain the calmodulin-binding domain. This would mean that the calmodulin-binding domain is about 5 kDa from either the N-or the C-terminal.
In a preliminary report, Klee and Hubbard (1988) suggested that the calmodulin-binding domain is at the C-terminal end, which is used in our models (Fig. 4) Fig. 4) .
Calpain treatment produced a 300% increase of pNPPphosphatase activity over and above the maximum calmodulin-stimulated activity of the untreated enzyme (Fig. 3) . This indicated the release of a second type of inhibition on phosphatase activity. This type of inhibition appears to be calmodulin independent, since it was found that the 55-+ 17-kDa calmodulin-binding fragment from both calpain and trypsin treatment also had 200 to 300070 higher calmodulin-stimulated pNPP-phosphatase activity (results not shown). We proposed that this second type of inhibition is dictated by another inhibitory domain (region D in Fig. 4 ). This inhibitory domain is likely to be located at the very end of either the N-or C-terminus, with a span of about 5 kDa, based on the fact that the 55-+ 17 -kDa form of calcineurin had lost this inhibition. Figure 4 presents two models of the structure-functional organization of the large subunit of calcineurin.
It must be stressed that the proposed functional domain assignments of the large subunit of calcineurin are clearly provisional. Direct evidence from further work, such as the sequencing of the large subunit of calcineurin coupled with N-terminal sequencing of the 55-, 49-, and 43-kDa fragments, should clarify these points.
When we compared the kinetic parameters of native calcineurin and its 43-+ 17-kDa fragmented form, we found that the fragmented form has either an unchanged or slightly shifted apparent Km towards all the substrates tested. However, the V max values for the substrates were increased to different degrees, depending on the substrate (Table 2 ). The most notable case is pNPP, its V max being increased about fivefold upon calpain treatment. This differential change in V max for different substrates leads us to speculate that the calpain-mediated proteolysis of calcineurin, if it occurs in vivo, will not only activate the phosphatase activity and render it insensitive to calmodulin, but also will have differential effects on different endogenous substrates of the phosphatase.
Calpain, unlike some other proteases, does not have general proteolytic activity towards intracellular proteins (Wang et a/. 1989) . Rather, calpain appears to hydrolyze only a selected group of substrates. In many cases, limit fragments are generated which are resistant to further calpain hydrolysis. Recently, two other calmodulin-activated enzymes have been found to be substrates for calpain: the erythrocyte plasma membrane Ca2+-ATPase (Au 1987; Wang et a/. 1988a Wang et a/. , 1988b ) and the smooth muscle myosin light chain kinase (Ito et a/. 1987) . We have hypothesized that calmodulin-dependent enzymes as a group may be physiological substrates for calpain in certain cell types (Wang e! a/. 1989) . Upon the action of an extracellular signal, a transient or substained increase of the intracellular Ca 2 + concentration takes place and calpain could activate different calmodulin-activated enzymes, which, in turn, exert an amplified and longer-Iasting effect on their respective pathways. In the future, it will be important to demonstrate calpain-mediated proteolysis of calcineurin and other calmodulin-dependent enzymes under physiological conditions.
